The interaction between two species that do not compete for resources but share a common natural enemy is known as apparent competition. In the absence of other limiting factors, such three-species interactions are impermanent, with one species being excluded from the assemblage by the natural enemy. Here, the e¡ects of metapopulation structure are explored in a system of two hosts that experience apparent competition through a shared parasitoid. A coupled-map lattice model is developed and used to explore species coexistence and patterns of patch occupancy at the metapopulation scale. Linking local and regional dynamics favours coexistence by uncoupling the dynamics of the three species in space. Coexistence is promoted by the inferior species being either a fugitive or a sedentary species. The occurrence of these two mutually exclusive mechanisms of coexistence is in£uenced by the relative dispersal of the inferior apparent competitor.
INTRODUCTION
Ecological interactions between species have often been considered in homogeneous environments. Models have incorporated pure birth, death or combined birth^death processes (e.g. Renshaw 1991) and the principle of mass action (individuals move quickly and interact randomly) has been widely assumed (e.g. Nicholson & Bailey 1935) . Recently, emphasis has shifted away from the broad phenomenological e¡ects of such processes to explore the e¡ects of locally linked interactions in which the principle of mass action is relaxed. This theory of metapopulation dynamics is now rapidly expanding (for reviews, see Gilpin & Hanski 1991; Hanski & Gilpin 1997; Hanski 1999) and is supported by a growing body of experimental and observational evidence (e.g. Harrison et al. 1988; Thomas & Harrison 1992; Hanski et al. 1994; Lei & Hanski 1998; Saccheri et al. 1998) .
Coupled-map lattice (CML) models are a class of spatially explicit metapopulation models that link the e¡ects of local (within-patch) dynamics with the regional (spatial) dynamics (e.g. Hassell et al. 1991; Comins et al. 1992; Wilson & Hassell 1997) . The e¡ect of linking immigration and emigration to the local dynamics in£uences population persistence, spatial-pattern formation and coexistence (Brown & Kodric-Brown 1977; Durrett & Levin 1994; Hassell et al. 1994) . CMLs are structured metapopulation models (others include mean-¢eld approximations (e.g. Gyllenberg & Hanski 1992; Hanski et al. 1995; Gyllenberg et al. 1997) ) that allow this interdependence between patch and local population abundance to be explored.
The aim of this paper is to show the e¡ects of metapopulation structure on a system with apparent competition between two host species mediated via a shared natural enemy. The instability inherent in a comparable homogeneous system is counteracted to some extent at the larger, metapopulation scale. We begin by outlining the class of interactions considered in the study before presenting a CML model that explores the impact of a shared natural enemy on patterns of coexistence.
NATURAL-ENEMY-MEDIATED INTERACTIONS
At a generic level, it has been argued that if two species are controlled via either a shared food resource or a natural enemy, then they are assumed to interact in an indirect manner (Williamson 1957 ). The former is well known as exploitative resource competition (¢gure 1a) and has received considerable theoretical and empirical attention (e.g. Tilman 1988; Tokeshi 1999) . The latter is known as apparent competition (¢gure 1b), and whilst the theoretical aspects have been extensively explored (Holt 1977 (Holt , 1984 (Holt , 1997 Holt & Kotler 1987; Holt & Lawton 1994) only recently has this process received empirical support (e.g. Settle & Wilson 1990; Grosholz 1992; Bonsall & Hassell 1997 Mu« ller & Godfray 1997) .
At a local scale, apparent competition between two species that do not compete for resources but share a common natural enemy can lead to the exclusion of one of the victim species. In the presence of alternative prey, the resulting increases in the abundance of the natural enemy (through the functional and/or numerical response) lead to increased levels of attack on both victim species. Eventually, one of the species is excluded. Although a variety of mechanisms may promote coexistence of such competitors (including intraspeci¢c competition, absolute host refuges, natural enemy switching and aggregative behaviours), the e¡ects of metapopulation structure remain relatively unexplored. We hypothesize that in patchy environments, where local populations are linked by limited dispersal, patterns of coexistence will be in£uenced by apparent competition, a¡ecting the likelihood of extinction at the local, withinpatch scale.
MODELLING FRAMEWORK
To explore competitive interactions between species in a metapopulation, we develop a model to investigate the impact of a shared natural enemy on species coexistence. We assume that the interaction is between two species of insect hosts and a shared parasitoid species. Hosts are assumed not to compete for resources and can only interact via the shared parasitoid (¢gure 1b). The interaction is, therefore, one of apparent competition since the same natural enemy limits both host species (Holt & Lawton 1993) . The absence of independently regulated host populations (e.g. by intraspeci¢c resource competition) is important since it allows us to evaluate more easily the e¡ects of metapopulation structure per se on persistence.
Rather than adopting a spatially implicit structured metapopulation model (e.g. Levins 1969; Levin & Paine 1974; Hastings 1991; Gyllenberg & Hanski 1992; Gyllenberg et al. 1997) , we develop a spatially explicit CML model to explore the potential impact of shared natural enemies on species coexistence. This model allows coexistence to be explored in terms of the local population dynamics, patterns of patch occupancy and spatiotemporal dynamics (Hassell et al. 1994; Comins & Hassell 1996) . A simple CML is considered in which the habitat is divided into a number of discrete patches and in which distinct phases are involved within each generation.
(a) Within-patch population dynamics
The within-patch demographic processes are modelled by a modi¢ed version of the Nicholson^Bailey (Nicholson & Bailey 1935 ) discrete-time model. The main advantage of this is that the underlying homogeneous model is inherently unstable with properties that are thoroughly understood (Hassell 1978 (Hassell , 2000 . Processes contributing to stability and persistence in the metapopulations (see ½ 4) are then easily discerned. For this same reason, wellknown modi¢cations of the Nicholson^Bailey model that contribute to persistence and stability (e.g. non-random parasitism) are not included.
The dynamics within each patch are thus inherently unstable and the persistence of either of the host^parasitoid interactions or the more complex three-species assemblage must arise by virtue of dispersal and metapopulation structure (Hassell et al. 1991 (Hassell et al. , 1994 Comins & Hassell 1996) . Parasitism on each host species thus occurs at random and no preference, switching or aggregative behaviours are considered (although the e¡ects of the latter two of these assumptions have been explored elsewhere (Bonsall & Hassell 1999) ). The dynamics of the hosts X and Y within each patch are, therefore, governed by
(1)
Here l X and l Y are the intrinsic rates of increase for hosts X and Y respectively, and a and b are the searching e¤ciencies of the parasitoid, P, over the two hosts. The population dynamics of the parasitoid are governed by
This model captures the dynamic interaction of apparent competition in which hosts do not compete for resources but interact only via the shared natural enemy.
(b) Movement
Dispersal of both hosts is governed by a simple rule. At the end of a generation, a ¢xed proportion of individuals leave the natal patch and colonize, in equal proportions, the eight neighbouring patches (following Hassell et al. 1994; Comins & Hassell 1996) . So the number of individuals in a patch after dispersal has occurred is given by
where f X and f Y represent the fractions of hosts X and Y dispersing from the natal patch, respectively, and ¡ X and ¡ Y are the average densities of the two host populations entering a patch from the eight neighbouring cells. The movement rule for the parasitoid is governed by a similar expression
where f P is the fraction of parasitoids dispersing from the natal patch and ¡ P is the average density of parasitoids entering a patch from the neighbouring eight patches. In all numerical simulations the lattice size was 75 cells £ 75 cells and, for convenience, absorbing boundary conditions are assumed (where individuals dispersing at the edge of the lattice are lost). Other boundary conditions do not qualitatively change the results. Hosts and parasitoids were initialized on the lattice by seeding each patch with a small number of individuals. In the formal version of the model (equations (1)^(3)) host densities take real values and a site, once occupied by a host species, may never return all the way to zero. Exclusion through apparent competition is de¢ned as a population abundance that falls below a threshold of 0.001 and persistence is de¢ned as a positive population abundance greater than 0.001 for more than 3000 generations.
RESULTS: COEXISTENCE, CORRELATIONS AND SPATIAL DYNAMICS
The overall temporal persistence of hosts and parasitoids in a metapopulation is, in general, non-equilibrial as patches show asynchronous patterns of colonization and extinction. Under such circumstances, coexistence of the full assemblage, when two hosts share a common parasitoid, can arise by two di¡erent, mutually exclusive mechanisms depending on the dispersal of the two apparent competitors (X and Y ) (¢gure 2). Persistence of the host^parasitoid assemblage is promoted if the inferior apparent competitor (Y ) is either fugitive (a species with a higher dispersal fraction than the resident species) or sedentary (a species with a lower dispersal fraction than the resident species) in the metapopulation (Hanski & Zhang 1993) . At the metapopulation scale, host dispersal favours coexistence by allowing the inferior apparent competitor to escape the impact of the shared parasitoid.
A full exploration of the in£uence of dispersal on coexistence reveals a variety of di¡erent persistent spatial states in which either the single-host^single-parasitoid interaction or the two-host^single-parasitoid interaction endures. This is illustrated in ¢gure 2. Exploration of parameter space when the dispersal fraction of the superior apparent competitor and the natural enemy are equivalent ( f XˆfP ) reveals a broad region in which the dominant apparent competitor persists alone with the parasitoid in a persistent single-host^single-parasitoid interaction (similar to that found by Hassell et al. (1991) and Comins et al. (1992) ). Towards the limits of dispersal by the superior apparent competitor (e.g. f X !1 or f X !0), however, a variety of alternative persistent states are observed when either the full three-species interaction persists or the inferior apparent competitor persists solely with the parasitoid (¢gure 2). For instance, if the dominant apparent competitor and the parasitoid have relatively low dispersals ( f XˆfP 5 0.2), then the inferior apparent competitor can coexist in the assemblage by having a greater dispersal rate ( f Y 4 0.2) and acting as a fugitive species. On the other hand, if the dispersals of the dominant apparent competitor and the parasitoid are relatively high (0.5 5 f XˆfP 5 1.0) then coexistence is favoured by the inferior apparent competitor having lower dispersal (0.01 5 f Y 5 0.6). At the extreme limits, when dispersal of the dominant apparent competitor and the parasitoid are restricted ( f XˆfP 5 0.05), competitive displacement occurs and only the interaction between the weaker competitor and the parasitoid persists.
Limited dispersal by the inferior host species has interesting implications for the observed spatial dynamics of the host^parasitoid assemblage. As the superior species moves away (in an advancing wave or spiral), the inferior species is con¢ned to focal points that act as refuges from the impact of the shared parasitoid. The spatial dynamics of the superior competitor and parasitoid give rise to spiral structures associated with the single-host^single-parasitoid dynamics (Comins et al. 1992 ). The inferior competitor, however, is limited to particular regions of (6)). The regions of persistence are the full three-species assemblage (shaded), the dominant-host^parasitoid interaction (white) and the inferior-host^parasitoid interaction (solid). Parameters:
the habitat (¢gure 3). Spatial correlation in patch occupancy between the pairwise host^parasitoid (X^P, Y^P) and host^host interactions (X^Y) veri¢es a lack of concordance in the distribution of the two hosts (¢gure 4). The superior apparent competitor and the parasitoid show a high degree of positive correlation in their joint distribution while the inferior competitor occupies more of the habitat where the parasitoid is absent (negative correlation). Similarly, the inferior competitor shows a degree of spatial segregation, colonizing regions of the habitat that are unoccupied by the superior host.
DISCUSSION
This study corroborates the importance of spatial structure in promoting the persistence of multispecies assemblages (Tilman & Karieva 1997) . In particular, in the interaction between two hosts that do not compete directly for resources and their shared parasitoid, coexistence is promoted by two mutually exclusive mechanisms: a fugitive lifestyle (characterized by rapid colonization) and a sedentary process (characterized by limited dispersal). Metapopulation structure now needs to be added to the suite of possible mechanisms (such as intraspeci¢c competition, refuges and natural-enemy aggregation (Holt & Lawton 1993; Bonsall & Hassell 1999) ) that promote persistence of assemblages in which apparent competition occurs.
(a) Dispersal
Although the local, within-patch dynamics are impermanent, coupling the di¡erent host^parasitoid interactions between the patches through limited dispersal has been shown to promote the persistence of the multispecies assemblage (Hassell et al. 1991 (Hassell et al. , 1994 Comins et al. 1992; Comins & Hassell 1996) . In general, dispersal has been shown to enhance persistence of enemy^victim interactions if the local population dynamics are asynchronous, if the local dynamics are unstable and the predators and prey are able to recolonize patches, and/or if local density-dependent processes exist to prevent either population extinctions or population explosions (Taylor 1990; Nachman 1991) . A consequence of this is that dispersal rates must be above some minimum level and naturalenemy invasion of patches must not be too rapid relative to prey colonization. However, in the multispecies assemblage considered here, if the dispersal rate of the superior host and the parasitoid are equal ( f XˆfP ) then the dispersal rate of the parasitoid can be well in excess of that of the inferior competitor and still promote persistence of the three-species system. This result contrasts with that of Taylor (1990) where it was argued that metapopulation persistence is promoted if predator colonization rates are not greatly in excess of host colonization rates. Several other studies have highlighted the importance of dispersal in promoting otherwise unstable predatorp rey interactions (e.g. Hassell et al. 1991; Adler 1993; Nisbet et al. 1993) . Using a CML model, Hassell et al. (1991) and Comins et al. (1992) showed that dispersal could promote the persistence of an otherwise unstable single-host^single-parasitoid interaction. The array of spatial dynamics observed depended upon the fractions of hosts and parasitoids dispersing to the neighbouring eight patches. For example, intermediate levels of host and parasitoid dispersal gave rise to distinct spiral-wave structures, while very low rates of host dispersal produced spatially chaotic patterns. The complex spatial structures observed in the multi-host^parasitoid assemblage studied here are also clearly in£uenced by di¡erences in dispersal ability between the hosts and the parasitoid (¢gure 2).
(b) Coexistence
The coexistence of multispecies assemblages is complex. We have demonstrated that persistence arises through one of the host species being either a fugitive or a sedentary disperser. A fugitive lifestyle is characterized by a high colonization ability and a rapid growth rate leading to increased abundance levels relative to the resident species in the assemblage. For instance, Comins & Hassell (1996) noted that the persistence of a multi-parasitoid^single-host assemblage is promoted by the inferior competing parasitoid being relatively immobile but having a higher intrinsic growth rate. This suggests a trade-o¡ in lifehistory characteristics as in the classical fugitive mechanisms for coexistence (Horn & MacArthur 1972; Nee & May 1992) . Provided unoccupied patches exist, there is no formal limit to the number of species that can be ¢tted into a patchy environment (Horn & MacArthur 1972) . However, a fugitive species must have a higher dispersal rate (and a higher equilibrium abundance) or a lower patch extinction rate than the resident species. As the number of species increases relative to the available resources, competitive interactions increase and species additions become more di¤cult. Although the local extinction and colonization events are fundamental in promoting coexistence of fugitive species, other processes such as the e¡ects of habitat degradation could also enhance diversity (Nee & May 1992; Dytham 1994; Moilanen & Hanski 1995; Hanski et al. 1996) . The in£uence of such e¡ects on the metapopulation dynamics of host^parasitoid assemblages remains relatively unexplored.
In contrast to the fugitive mechanism, coexistence can be favoured by an inferior species surviving in apparent competition with a superior competitor by being more sedentary. Hanski & Zhang (1993) have analysed a metapopulation model in which both local within-patch processes and dispersal a¡ect the local population dynamics. Counter-intuitively, they have shown that for resource competition, an inferior competitor may survive in the presence of a superior competitor just by being more sedentary. This sedentary coexistence is also observed in the persistence of more complex species assemblages. Although the role of fugitive coexistence has been noted in previous investigations of host^parasitoid assemblages (Hassell et al. 1994; Comins & Hassell 1996) , this study documents a second mechanism for coexistence in trophic assemblages, which depends on one species being more sedentary than the other.
Understanding the e¡ects of the spatial and temporal dynamics of a shared natural enemy on two host species requires careful consideration of the underlying biotic and abiotic factors. In the present study, for example, given that all patches are of equal quality to both hosts, it is the consequences of parasitism that often con¢ne one of the hosts to refugia rather than eliminating it completely from the assemblage. While resources, demographic characteristics and climate may all be major constraints on species distributions (e.g. Harrison & Quinn 1989; Hanski & Woiwod 1993; Rees 1995; Sutcli¡e et al. 1996) , patterns identi¢ed in this study suggest that other factors such as natural enemies have an important role in determining the distributions and abundances of species within a metapopulation. The spatial dynamics of species interactions may be signi¢cantly altered as di¡erent species respond to di¡erent scales of heterogeneity (McLaughlin & Roughgarden 1992) . The population dynamics of a pair of species (e.g. a host^parasitoid interaction) may become coupled at a coarse scale while sedentary species may in£uence habitat heterogeneity at a much ¢ner temporal and spatial scale. It is likely that population dynamics, in addition to environmental disturbances, can in£uence both patterns of species coexistence and the distributions and abundances of species in time and space. This work was supported by the Natural Environment Research Council.
